The aim of this study was to evaluate changes in intestinal microcirculation during necrotizing enterocolitis (NEC) and to examine the effect of endothelin (ET)-1 on the intestinal microcirculation. Prematurely born rats were either hand-fed formula (NEC) or dam fed (DF) and were exposed to asphyxia and cold stress twice daily to induce disease. At 0, 2, 3, and 4 d after the birth, the microcirculation in the ileum was examined using in vivo microscopic methods. The nutritive microvascular perfusion in the NEC group was progressively compromised from d 3 to d 4 (35% and 50% decrease, respectively) when compared with DF rats. Concomitantly, intestinal blood flow assessed by laser Doppler flowmetry was significantly reduced at d 2, 3, and 4 (by 31%, 36%, and 73%, respectively). Levels of ET-1 mRNA in the ileum were increased 3.7-fold. Microvascular responses to topically applied ET-1 were significantly increased in the NEC group, which was associated with decreased expression of ET B receptor. These results suggest that microcirculatory dysfunction in the distal ileum of neonatal rats with NEC contributes to disease progression and that enhanced microvascular responsiveness to ET-1 may participate in these microcirculatory disturbances. (Pediatr Res 61: 180-184, 2007) 
N EC is the most common gastrointestinal emergency of premature infants (1) . The incidence of NEC has been increasing, and the disease is associated with significant morbidity and mortality (2) . The pathogenesis of NEC remains uncertain;, however, intestinal hypoxia/ischemia in the perinatal period appears to be one of the contributing factors to development of this disease (1, 3) . Indeed, high incidence of intestinal injury has been shown in severely asphyxiated neonates (4, 5) . Severe hypoxia or long duration of intestinal ischemia followed by reperfusion causes a significant reduction in intestinal blood flow in newborn animals, which is associated with the histopathological findings seen in NEC (6 -9) . These findings suggest that perinatal insults that impair intestinal blood flow induce intestinal mucosal injury in neonates. While alterations in intestinal hemodynamics could compromise intestinal microcirculation in neonates, there have been few observations of sequential alterations in intestinal microcirculation during the development of NEC.
Endothelin is a potent and long-lasting vasoconstrictor that plays a putative role in regulating microcirculation in the intestine (3) . The administration of ET-1 increases the vascular resistance of the intestine and decreases intestinal blood flow in neonatal piglets (10) . In vivo microscopic studies have demonstrated that ET-1 narrows the lumen of microvessels in the submucosa of the small intestine in adult rodents (11) . Selective ET A receptor antagonist inhibits constriction of isolated subserosal arterioles from human infants with NEC (12) . In addition, increased ET-1 levels are shown in the intestines from human infants with NEC (12) . These results suggest that ET-1 participates in the intestinal microcirculatory dysfunction during the development of NEC.
The aim of the present study was to evaluate the sequential changes in microcirculation in the ileum during the development of NEC. To achieve this aim, we induced NEC in neonatal rats using formula feeding coupled with exposure to asphyxia/cold stress. We examined the development of microcirculatory alterations in the distal ileum of neonatal rats using in vivo microscopic methods. We also examined the effect of ET-1 on the intestinal microcirculation in NEC rats.
MATERIALS AND METHODS
Experimental animals. The present study was performed in adherence to the National Institutes of Health guideline for the use of experimental animals. The protocol was approved by the Animal Care and Use Committee of the University of Arizona (A-324801-95081). Neonatal Sprague-Dawley rats (Charles River Laboratories, Pontage, MI) were collected by cesarean section 1 d before scheduled birth. Pups were either hand-fed with cow's milk-based rat milk substitute formula (NEC) using nonsterile feeding catheters or DF. To induce experimental NEC, rat pups from both experimental groups were stressed twice daily with asphyxia (breathing 100% nitrogen gas for 60 s) followed by cold (4ºC for 10 min) (13) (14) (15) (16) (17) . All experimental measurements were performed at least 12 h after the last asphyxia/cold stress exposure.
In vivo microscopy. At 0, 2, 3, and 4 d, animals were anesthetized with an s.c. injection of a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). The intestinal microvascular responses were examined using established high resolution in vivo microscopic methods (18, 19) . Briefly, a compound binocular microscope (Leitz, Wetzlar, Germany) adapted for in vivo microscopy was equipped to provide either transillumination or epi-illumination as well as video microscopy using a charge-coupled device camera (MTI, Michigan City, IN). The ileum was exteriorized through a lower abdominal incision and positioned over a window of optical grade mica in a specially designed tray mounted on a microscopic stage. The tray provided for the drainage of irrigating fluids, and the window overlaid a long working distance condenser. The terminal ileum of the intestine was covered by a piece of Saran Wrap (Dow Chemical, Midland, MI), which held it in position and limited movement. Homeostasis was ensured by a constant suffusion of the organ with Ringer's solution maintained at body temperature.
The microvessels within the submucosa were observed from the serosal side and were visualized by changing the focus of the microscope. The microscopic images were obtained with a long working distance objective lens (32x NA 0.6, Leitz, Wetzlar, Germany). Microvascular events were observed and recorded for subsequent offline analysis using a Sony Betacam video tape recorder (Sony Medical Electronics, Park Ridge, NJ).
Analysis of in vivo microscopy. Microvessels in the outer surface of the submucosal layer were classified according to their order of branching. As described by Gore and Bohlen (20) , the intestinal microcirculation commences as the first-order arterioles (1A) that subsequently give rise to the second-order arteriole (2A) branches, and then finally to the third-order arteriole (3A) branches, each of which becomes a villous arteriole. Capillaries arise from the 3A only, both within the crypt region and the villus. Villous venules combine to form collecting venules (CVs) in the deep mucosa, which coalesce to form the second-order venules (2V) and thereafter the first-order venules (1V). To evaluate the perfusion through the submucosa, the total length of perfused submucosal terminal arterioles (3A), capillaries, and submucosal CVs per observation area was measured (21) , and expressed as functional microvascular density (FMD) (m/10,000 m 2 ). The FMD was determined in three different areas.
The relative velocity of blood flow in arterioles (1A) and venules (1V) in the submucosa was estimated by using a scale of 4ϩ to 0 where 4ϩ ϭ rapid flow, no cellular detail visible; 3ϩ ϭ moderate flow, blurred images of cells visible; 2ϩ ϭ slow flow, cellular elements distinctly visible; 1ϩ ϭ pulsatile flow but in a progressively forward direction, and 0 ϭ stasis or no flow (22) .
To examine the interaction of leukocytes with endothelium in the venules, the number of leukocytes adhering was determined offline during video playback analysis. A leukocyte was defined as adhering to the venular walls if it remained stationary for more than 30 s. The endothelial surface area of the venule was measured from video recordings using a computer-assisted digital imaging processor (Scion Image, Scion Corp., Frederick, MD). The number of adhering leukocytes was counted, and the data were expressed as the average number of adhering leukocytes per 10,000 m 2 of endothelial surface area of the venules.
To examine the response of microvessels to ET-1, arterioles and venules were selected, and their internal diameters were measured using a computerassisted digital imaging processor (Scion Image). The results were expressed as the percentage of constriction or percentage of dilatation. The percentage of constriction and dilatation were calculated as follows: % change of diameter ϭ 100 ϫ [(prediameter) Ϫ (postdiameter)]/(prediameter).
Laser Doppler flowmetry. The blood flow in the ileum was measured by laser Doppler flowmetry using a laser Doppler flowmeter (Moor Instruments, Wilmington, DE). A microprobe (P5a/P5b) was placed on the surface of the ileum. Three different sites of the ileum were examined to measure the blood flow. The laser Doppler flowmetry signal was digitized with Moor Lab software (Moor Instruments). The results were averaged and expressed as arbitrary units.
ET-1 application. In a separate set of experiments, a plastic ring (external diameter, 6 mm; internal diameter, 5 mm; thickness, 0.3 mm) was placed on the surface of the ileum to form an observation window. The suffusion with warmed Ringer's solution was stopped 30 s before application of the drugs. ET-1 (0.1 and 1 mol/L, 50 L) (Phoenix Pharmaceuticals, Inc., Phoenix, AZ) or vehicle (saline) was topically applied to the window in 3-d-old NEC and DF animals. Observations were made for 10 min following the administration of ET-1.
RNA preparation. In a separate set of experimental animals, total RNA was isolated form ileal tissue using the RNeasy Mini Kit (Qiagen, Santa Clarita, CA) as described before (14 -16) . All samples were incubated with RNase-free DNase (20 U/reaction) for 10 min at 37ºC to eliminate DNA contamination. RNA concentration was quantified by UV spectrophotometry at 260 nm, and the purity was determined by the ratio of absorbance at 260 nm to that at 280 nm (SPECTRmax PLUS; Molecular Devices, Sunnyvale, CA). The integrity of RNA was verified by electrophoresis on a 1.2% agarose gel containing formaldehyde (2.2 mol/L) and ethidium bromide in 1 ϫ 3-(Nmorpholino)propanesulfonic acid (MOPS) buffer [40 mmol/L MOPS (pH 7.0), 10 mmol/L sodium acetate, and 1 mmol/L ethylenediamine tetraacetic acid (EDTA) (pH 8.0)].
Reverse-transcriptase (RT) and real-time PCR. RT real-time PCR assays were performed to specifically quantify rat ET-1 steady state mRNA levels. cDNA was synthesized from 0.5 g of DNase-treated total RNA. Predeveloped TaqMan primer and probe were used for detection of ET-1 (Applied Biosystems, Foster, CA). Target probes were labeled with fluorescent reporter dye FAM (23) . Reporter dye emission is detected by an automated sequence detector combined with ABI Prism 7700 Sequence Detection System software (Applied Biosystems). Real-time PCR quantification was then performed using TaqMann 18S controls. Relative quantification of PCR products were then based on value differences between the target and 18S control using the comparative C T method (24) . Cycle parameters were 55°C ϫ 5 min, 95°C ϫ 10 min, and then 40 cycles of 95°C ϫ 15 s 58°C ϫ 60 s. For every sample, each PCR reaction was performed on three separate occasions; in each set of reactions, every sample was present in triplicate.
Western blot. Individual frozen ileum samples were homogenized with a handheld homogenizer (Pellet Pestle, Kimble/Kontes, Vineland, NJ) in a 5ϫ volume of ice-cold homogenization buffer (50 mmol/L Tris HCl, pH 7.4; 150 mmol/L NaCl; 1 mmol/L EDTA; 0.1% SDS; 1% Na-deoxycholic acid; 1% Triton X-100; 50 mmol/L DTT; 50 g/mL aprotinin; 50 g/mL leupeptin; 5 mmol/L PMSF). The homogenates were centrifuged at 10,000 rpm for 5 min at 4°C and the supernatant was collected. Total protein concentration was quantified using the Bradford protein assay (25) 
Cruz, CA) overnight at 4°C. After being washed, the membranes were incubated for 1 h at room temperature with horseradish peroxidaseconjugated donkey anti-goat IgG (Santa Cruz Biotechnology). Proteins were visualized with a chemiluminescent system (Pierce, Rockford, IL) and exposed to x-ray film. Densitometry was performed to compare protein expression between groups with Bio-Rad QuantityOne software.
Statistical analysis. All data were expressed as means Ϯ standard error of the mean. Multiple comparisons were performed using one-way analysis of variance (ANOVA) with a post hoc Fisher test. Differences were considered to be significant for p values Ͻ0.05.
RESULTS

Sequential changes in intestinal microcirculation in neo-
nates with NEC. Sequential changes in microcirculation in the ileum during the development of NEC are shown in Fig. 1 . In vivo microscopic studies showed that the functional microvascular density (FMD) in 3A, capillaries, and CVs in the NEC group was significantly and progressively reduced at d 3 (34.7% decrease) and d 4 (50.3% decrease) when compared with DF rats (Fig. 1A) . In contrast, DF rats exhibited no significant changes in FMD in 3A, capillaries, and CVs throughout the experiment. Concomitantly, the blood flow velocity in large arterioles (1A) and venules (1V) was compromised in NEC rats, while DF rats exhibited rapid flow in 1A and 1V (Fig. 1B) . During the first 3 d of the study, there were no significant increases in the number of leukocytes adhering to the venules between DF and NEC groups. However, at d 4, the number of adherent leukocytes in the NEC group was increased (22-fold) when compared with DF rats (Fig. 1C) . The ileal blood flow assessed by laser Doppler flowmetry in the NEC group at d 2, 3, and 4 was significantly reduced by 31%, 36%, and 73%, respectively (Fig. 1 D) . In addition, the levels of ileal blood flow in DF rats were increased when compared with newborn rats.
Expression of ET-1 levels and ET receptor in the ileum. Ileal expression of ET-1 mRNA at d 4 was significantly increased in the NEC group (three-to fourfold) in comparison with that in the age-matched DF group (Fig. 2A) . The expression of ET A receptor in NEC rats was similar to that in DF rats, while the expression of ET B receptor in NEC rats was significantly decreased by 47% (Fig. 2B) .
Intestinal microvascular response to ET-1. To investigate whether ET-1 elicits microcirculatory dysfunction in the ileum, we topically applied ET-1 over the surface of the ileum of neonatal rats at d 3. As shown in Figure 3 , application of 1 mol/L ET-1 elicited marked constriction of arterioles (1A) in the NEC group. Figure 4 illustrates changes in the diameters of arterioles and venules 10 min after ET-1 application. In DF rats, 0.1 mol/L ET-1 did not change the diameters of arterioles and venules; however, 1 mol/L ET-1 caused marked constriction. The major sites of the constriction in response to ET-1 were located in 1A arterioles and the vasoconstriction lasted for at least 10 min (not shown). In contrast, ET-1 (0.1 mol/L) significantly reduced the diameters of 1A and 2A arterioles in the NEC group, indicating that the microvascular response to ET-1 was enhanced. When the intestinal microvasculature of NEC rats was exposed to 1 mol/L ET-1, the diameter of arterioles (1A) was also significantly reduced. The microvascular responses to ET-1 (1 mol/L) in the NEC group were similar to those in DF rats; however, the constrictor responses of arterioles (2A and 3A) in the NEC group were greater than those in DF rats. Figure 5 shows the effect of ET-1 on FMD in NEC and DF rats. The effect was expressed by changes in the functional microvascular density before and after ET-1 application. ET-1 (0.1 mol/L) did not significantly change the microvascular perfusion in DF rats, while the same concentration of ET-1 caused a significant decrease in NEC rats. Moreover, 1 mol/L ET-1 significantly reduced the microvascular perfusion in both DF and NEC rats, although the magnitude was greater in NEC rats than DF rats (Fig. 5) .
DISCUSSION
Changes in intestinal microcirculation in NEC animals.
Hypoxia or intestinal ischemia followed by reperfusion has been shown to cause a significant decrease in intestinal blood flow in neonatal piglets (3, 6, 9) . However, severe hypoxia or longer duration of ischemic time is necessary to generate tissue damage. Using our established NEC model (14, 16, 17) , we determined that intestinal blood flow, assessed by laser Doppler flowmetry, is reduced in the NEC group as early as 2 d after initiating stress. In contrast, no significant change in blood flow was seen in stressed DF rats throughout the experiment period, suggesting that hypoxia and hypothermia by themselves are unable to create sustained impairment of blood flow in the neonatal ileum. In addition to repetitive stress, artificial feeding is required to elicit not only NEC pathology (15, 26) but also impaired intestinal blood flow. Reduced intestinal blood flow during the development of NEC indicates impairment in microvascular perfusion in NEC rats. As a result, we observed the intestinal microcirculation in neonatal rats directly using in vivo microscopic methods. In the NEC group, the grade of blood flow in large submucosal arterioles (1A) and venules (1V) decreased from 3 d after initiating asphyxia and cold stress. Concomitantly, the microvascular perfusion was impaired. Prolonged microcirculatory disturbance in the ileum could compromise delivery of oxygen supply to the tissue. In addition, the number of leukocytes adhering to the venules in the NEC group was significantly increased. Activated adherent leukocytes as well as endothelial cells would produce reactive oxygen species and promote the formation of inflammatory mediators (26) , contributing to intestinal injury during NEC. These results indicate that intestinal microcirculatory dysfunction in neonatal rats is related to the development of NEC.
It is not technically feasible to monitor the systemic blood pressure, respiratory rate, tissue temperature, and hemoglobin saturation during in vivo microscopic studies in the small neonatal rat pups. However, since NEC rats at d 4 were sicker than DF rats (14) , NEC rats appeared to be susceptible to the physiologic perturbations during the experimental preparation. Thus, it is plausible that NEC rats might have experienced more cardiovascular compromise, which affects the ileal microcirculation in the NEC group.
Increased expression of ET-1 in NEC. To understand the mechanisms of intestinal microcirculatory dysfunction in NEC, we determined ET-1 levels in the ileum. The results show that ET-1 mRNA expression in the ileum from NEC rats is significantly increased. In agreement with this result, Nowicki et al. (12) have recently shown that ET-1 is elevated in human intestinal tissue affected with NEC, suggesting that ET-1 contributes to the development of this disease. The production sites of ET-1 in the intestine have been reported to be within the vascular endothelial cells, submucosal stroma, and circular muscle layer (27) . Because ET-1 levels are not up-regulated in DF rats, ET-1 could be stimulated by a combination of hypoxia/hypothermia, inflammatory cytokines (28 -30) , and reduced blood flow rate (31) . Also, glucocorticoids have been shown to up-regulate preproendothelin transcriptionally (32) . Recently, we have reported increased levels of plasma corticosterone in the neonatal rat model of NEC (14) . Thus, increased ET-1 levels may be attributed to increased glucocorticoid production during the development of NEC. Since ET-1 is a strong and long-lasting vasoconstrictor, these results suggest that ET-1 is involved in microcirculatory dysfunction in NEC animals.
Enhancement of ET-1 responsiveness in microcirculatory dysfunction. Previous studies have reported that exogenous ET-1 raises intestinal vascular resistance in neonatal piglets (10) . The current study shows that the application of ET-1 to the ileum predominantly constricts arterioles (1A) in DF rats, but does not change the diameter of the terminal microvessels. Consistent with this result, King-VanVlack et al. (11) have shown that ET-1 superfusion causes vasoconstriction in proximal arterioles (1A and 2A) of adult rodents, but not in terminal arterioles, and the vasoconstriction is mediated through the ET A receptor subtype. Potent constriction of larger arterioles results in impaired downstream microvascular perfusion, leading to local hypoxia and intestinal injury. Further studies are necessary to examine the mechanisms by which ET-1 causes microvascular dysfunction in NEC animals. The concentrations of ET-1 that were effective on the microvessels of the neonates in the current study were higher than those in adult rats (33) . This reduced sensitivity of microvessels to ET-1 may be due to differences in receptor sensitivity and/or density between neonatal and adult rats or compromised preparation.
Moreover, in our NEC model, the vasoconstrictor response to ET-1 in the NEC group is increased. To determine whether the increased vasoconstrictor response to ET-1 is attributable to ET receptor up-regulation, ET A and ET B receptor protein expression in the distal ileum was evaluated. Although ET A receptor expression is unchanged between NEC and DF groups, ET B receptor expression is significantly suppressed in NEC pups. Since ET B receptor on smooth muscle cells mediates vasodilation through the release of prostacyclin and nitric oxide, decreased expression of ET B receptor would create an imbalance between constrictor and dilator stimuli, favoring constriction. Thus, these results suggest that enhanced response of microvessels to ET-1 in the NEC group appears to be mediated through down-regulation of ET B receptor expression. However, ET B receptors also are abundant in the intestinal circular and longitudinal smooth muscle cells (34) . Thus, it remains unknown whether ET B receptors on the endothelial cells were down-regulated in the present study. Furthermore, there are two subtypes of ET B receptor; ET B1 receptor subtype on the endothelial cells mediates vasodilation and ET B2 receptor subtype on the vascular smooth muscle cells mediates vasoconstriction. It remains unclear which ET B receptor subtype is attenuated.
In summary, the microcirculation in the ileum was progressively impaired with the development of experimental NEC. Increased expression of ET-1 mRNA in the ileum was associated with the microcirculatory dysfunction. The microvascular responses to ET-1 were enhanced in NEC rats which was associated with decreased expression of ET B receptors. These results suggest that intestinal microcirculatory dysfunction, including enhanced vasoconstrictor response to ET-1, contributes to the development of NEC.
